Visceral afferents expressing transient receptor potential (TRP) channels TRPV1 and TRPA1 are thought to be required for neurogenic inflammation and development of inflammatory hyperalgesia. Using a mouse model of chronic pancreatitis (CP) produced by repeated episodes (twice weekly) of caerulein-induced AP (AP), we studied the involvement of these TRP channels in pancreatic inflammation and pain-related behaviors. Antagonists of the two TRP channels were administered at different times to block the neurogenic component of AP. Six bouts of AP (over 3 wks) increased pancreatic inflammation and pain-related behaviors, produced fibrosis and sprouting of pancreatic nerve fibers, and increased TRPV1 and TRPA1 gene transcripts and a nociceptive marker, pERK, in pancreas afferent somata. Treatment with TRP antagonists, when initiated before week 3, decreased pancreatic inflammation and pain-related behaviors and also blocked the development of histopathological changes in the pancreas and upregulation of TRPV1, TRPA1, and pERK in pancreatic afferents. Continued treatment with TRP antagonists blocked the development of CP and pain behaviors even when mice were challenged with seven more weeks of twice weekly caerulein. When started after week 3, however, treatment with TRP antagonists was ineffective in blocking the transition from AP to CP and the emergence of pain behaviors. These results suggest: (1) an important role for neurogenic inflammation in pancreatitis and pain-related behaviors, (2) that there is a transition from AP to CP, after which TRP channel antagonism is ineffective, and thus (3) that early intervention with TRP channel antagonists may attenuate the transition to and development of CP effectively.
Introduction
Chronic pancreatitis (CP) is a debilitating disease characterized by persistent inflammation, pain, and irreversible morphological changes often accompanied by partial or total loss of function. Pain in CP may initially be episodic, but increases in occurrence and intensity as the disease develops. In contrast, acute pancreatitis (AP) is defined as an inflammatory event from which the pancreas recovers. Although some argue that AP and CP represent a continuous spectrum of the same disease (Dimcevski et al., 2007) , AP and CP have distinct histopathologies, etiologies, and time courses (Dimcevski et al., 2007; Demir et al., 2010) . It is also widely accepted that recurrent bouts of AP (RAP) increase the likelihood of developing CP (Demir et al., 2010; Puylaert et al., 2011) .
Pain in CP is common and reflects sensitization of pancreatic afferent (sensory) neurons and development of neurogenic inflammation (Liddle and Nathan, 2004; Anaparthy and Pasricha, 2008) . Inflammation exposes pancreatic afferents to inflammatory mediators, endogenous neuropeptides, and immunecompetent cells and their released cytokines. Unchecked, this process causes destruction of ducts and eventually nerve damage and hyperexcitability. Pain and inflammation associated with pancreatitis has been shown to require transient receptor potential (TRP) channel TRPV1-and TRPA1-expressing afferents, which, when targeted, attenuate the development of experimental AP in mice (Nathan et al., 2001; Schwartz et al., 2011) . Based on these results, it has been proposed that activity in this population of pancreatic afferents is responsible for the neurogenic inflammation that causes tissue damage and exacerbation of the initial pancreatic insult. We recently reported a significant increase in TRPV1 and TRPA1 mRNA expression and function in pancreatic afferents in a model of caerulein-induced AP (Schwartz et al., 2011) . These changes were correlated with leukocyte infiltration of the pancreas that resolved within 7 d. These changes in afferent function were responsible for at least a portion of the inflammatory reaction, as evidenced by their reversal using TRPV1 or TRPA1 antagonists. Application of these antagonists reduced caerulein-induced AP and pain-related behaviors significantly, and combining the two antagonists produced a greater than additive effect (Schwartz et al., 2011) .
The present study used a model of RAP (two episodes/week for up to 10 weeks) that over time developed hallmarks of CP, including pain, fibrosis, and persistent immune cell infiltration of the pancreas. To evaluate the relative contribution of the two sources of pancreatic afferent innervation, we studied spinal and vagal pancreatic sensory neurons in dorsal root ganglia (DRG) and nodose ganglia (NG), respectively. We identified a critical period in the third week of RAP during which a combination of TRPV1 and TRPA1 antagonists prevented RAP from developing into CP. If combination TRP antagonist treatment was initiated after the third week of RAP, however, blockage of TRP channel function was no longer able to reverse inflammation-induced changes in the pancreas, suggesting that TRPV1-and TRPA1-dependent neurogenic inflammation is required for the transition from AP to CP and pain-related behaviors. Once the transition occurs and CP is established, progression of the disease becomes independent of the activity of the two channels.
Materials and Methods
Animals. Experiments were performed on 6-to 14-week-old male C57BL/6 mice (The Jackson Laboratory) housed in the Association for Assessment and Accreditation of Laboratory Animal Care-accredited facility at the University of Pittsburgh. Mice had access to water and food ad libitum. All protocols were approved by the institutional animal care and use committee.
Surgical procedures and cell labeling. All surgeries were performed under aseptic conditions. Anesthesia was initiated by inhaled 4% isoflurane and maintained with 2% isoflurane. For retrograde labeling of pancreatic DRG and NG neurons, a laparotomy was performed to expose the pancreatic head into which three injections of Fast Blue (FB; 1% in sterile saline; total volume injected ϳ5 l) were made using a microsyringe. The abdominal muscles and overlying skin were sutured separately and mice were allowed to recover for at least 4 d before any other procedures were performed.
Caerulein-induced CP. CP was induced by repeated injections of the cholecystokinin analog caerulein (Sigma-Aldrich). Caerulein was dissolved in 0.01 M phosphate-buffer (PB) and administered intraperitoneally (50 g/kg in 100 l/injection) hourly for eight doses twice weekly (Tuesdays and Fridays) for 10 weeks (Fig. 1) . Control (vehicle) mice received injections of PB. After the last caerulein injection (i.e., 72 h after 1, 3, 6, or 10 weeks of twice weekly injections), mice were killed and pancreata quickly removed, rinsed in saline, blotted, and divided for histological grading, myeloperoxidase quantification, and immunohistochemistry to assess the extent of inflammation. Spinal T9 -12 DRG and NG were also harvested, acutely dissociated, cultured (see below), and analyzed for TRPV1 and TRPA1 gene expression by single-cell reverse transcriptase (RT)-PCR assays or used for Ca 2ϩ imaging experiments. Myeloperoxidase assay and histology. The myeloperoxidase (MPO) assay was performed as described previously (Schwartz et al., 2011) . Mice were overdosed with inhaled isoflurane and pancreata were dissected, weighed, added to a beaker containing 1.0 ml 0.5% hexadecyltrimethylammonium bromide (HTAB; Sigma-Aldrich), and finely minced. The contents were transferred to a 15 ml centrifuge tube with another 2 ml of HTAB and sonicated for 10 s before being homogenized for 30 s. Another 2 ml of HTAB was added and the tube was placed on dry ice until all samples were similarly prepared. The samples underwent three freezethaw cycles, were centrifuged twice, and then loaded, along with MPO standards (Calbiochem), onto a 96-well plate. The samples and standards were reacted with O-dianisidine dihydrochloride (Sigma-Aldrich) and read on a plate reader at 460 nm every 20 s for 15 min. The slope for each standard was calculated, plotted, and used to calculate units of MPO activity/tissue weight for each sample.
For histopathological assessment, tissues were embedded in paraffin, sectioned (4 m), stained with hematoxylin and eosin, and coded for examination by a pathologist blinded to treatment group. The severity of pancreatitis was scored using criteria shown in Table 1 , and results are expressed as a score from 0 to 3 for inflammatory infiltrate and atrophy. The fibrosis score was subdivided into scores for intralobular fibrosis, perilobular fibrosis, and interlobular fibrosis, each ranging from 0 to 3. Total histological score was the combined scores of inflammatory infiltrate, atrophy, and fibrosis.
Immunohistochemistry. Mice were deeply anesthetized (isoflurane), perfused via the right atrium with ice-cold 4% paraformaldehyde in 0.1 M PB, and the pancreas and ganglia (DRG and NG) removed as above. After cryoprotection in 20% sucrose, fixed tissue was embedded in optimal cutting temperature compound (Sakura Finetek), frozen, and sectioned at 20 m (pancreas) and 14 m (DRG/NG) thickness. Some pancreatic tissue sections were incubated with rabbit anti-calcitonin gene-related peptide (CGRP) antibody (1:2000; Sigma-Aldrich) followed by Cy3-conjugated anti-rabbit IgG (1:200; Jackson Immunoresearch) to immunolabel sensory fibers. Antibody specificity was confirmed by omission of the primary antibody. Monocytes and macrophages were stained in other pancreatic tissue sections using rat anti-F4/80 (1:1000; Abcam) and Cy3-conjugated anti-rat IgG (1:200). DRG and NG sections were incubated with rabbit anti-pERK (1:600; Cell Signaling Technology) and then with Cy3-conjugated anti-rabbit IgG (1:200). F4/80 specificity was verified by the absence of immunostaining with the isotype control antibody (rat monoclonal IgG 2b , 1:1000; Abcam), indicating that staining with the F4/80 antibody was not due to nonspecific binding of immunoglobulins to Fc receptors expressed on immune cells. Immunostained tissue sections were photographed using a microscope-mounted digital camera (DFC340FX; Leica). Immunostaining was quantified by setting the brightness threshold to the 8-bit gray scale images using ImageJ and calculating the area (proportion) of immunoreactivity relative to pancreatic area. To determine the gross distribution of sensory fibers within pancreatic sections, the density of nerve fibers (CGRP) and monocytes (F4/80) per unit area was determined in each observation field (500 m ϫ 500 m). To reduce variation between tissue slides, control and caerulein-treated pancreata were mounted on the same slides.
Cell culture. Mice were deeply anesthetized (isoflurane) and perfused with ice-cold Ca 2ϩ /Mg 2ϩ -free Hanks balanced salt solution (Invitrogen). T9 -12 DRG and NG were dissected rapidly and prepared separately for culture, as described previously (Schwartz et al., 2011) . Dissociated cells were resuspended in DMEM/F12 medium (Invitrogen) Figure 1 . Time course (10 weeks) and treatment schedule for caerulein (caer) and TRP antagonists. CP was induced by repeated injections of caer administered intraperitoneally (50 mg/kg in 100 ml/injection) hourly for eight doses twice weekly for 10 weeks. The TRPA1 antagonist A-967079 and/or TRPV1 antagonist A-889425 or vehicle (veh) was administered intraperitoneally twice weekly: 1 h before the first caer or veh injection and 4 h later. Antagonist treatment was initiated either 3 weeks before or 3 weeks after the beginning of caer treatment. containing 10% fetal calf serum and antibiotics (penicillin/streptomycin, 50 U/ml), and plated onto poly-D-lysine (5 mg/ml)-coated glass coverslips. No additional growth factors were added to the culture medium. Cells were incubated overnight at 37°C and only FB-labeled pancreatic T9 -12 DRG and NG neurons were studied. Calcium imaging. Neurons were incubated with a 2.5 M concentration of the Ca 2ϩ indicator fura-2 AM ester with 0.025% Pluronic F-127 for 20 min at room temperature. FB-labeled neurons were placed in a recording chamber and superfused continuously with normal bath solution containing the following (in mM): 130 NaCl, 3 KCl, 2.5 CaCl2, 0.6 MgCl2, 10 HEPES, 10 glucose, pH 7.4, osmolality 325 mOsm at a rate of 1 ml/min. Fluorescence data were acquired on a PC running Metafluor software (Molecular Devices) via a CCD camera (RTE/CCD 1300; Roper Scientific). The ratio ( R) of fluorescence emission (510 nm) in response to 340/380 nm excitation (controlled by a 10-2 filter changer (Sutter Instrument) was acquired at 1 Hz during drug application. All drugs were applied using a computer-controlled perfusion fast-step system (switching time Ͻ20 ms; SF-77B perfusion system; Warner Instruments). The intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) was determined from the fura-2 ratio after in situ calibration experiments according to the following equation:
Where K d is the dissociation constant for fura-2 for Ca 2ϩ at room temperature, S f2 /S b2 is the fluorescence ratio of the emission intensity excited by 380 nm signal in the absence of Ca 2ϩ , and R min and R max are the minimal and maximal fluorescence ratios, respectively. Determination of these variables has been described in detail previously (Grynkiewicz et al., 1985; Kao et al., 1994; Lu et al., 2006) . A brief (4 s) application of 50 mM KCl (high K ϩ ) was used to evoke an increase in [Ca 2ϩ ] i , subsequently referred to as a Ca 2ϩ transient. The magnitude and decay of evoked Ca 2ϩ transient was analyzed as the peak evoked Ca 2ϩ and the time to 50% of the peak, respectively. Cells unresponsive to high K ϩ were not studied further. Following a 10 min recovery period, cells were exposed to either the TRPV1 agonist capsaicin (CAP; 500 nM; SigmaAldrich) for 1 s or the TRPA1 agonist mustard oil (MO; 100 M; Calbiochem) for 20 s. Stock solutions (10 mM CAP in ethanol or 100 mM MO in 1-methyl-2-pyrrolidinone) and working dilutions (in bath solution) were made fresh daily. The prevalence of CAP-or MO-responsive pancreatic afferents was determined as a percentage of total healthy (high-K ϩ responsive) FB-positive cells.
Single-cell RT-PCR and qRT-PCR.
Single-cell RT-PCR and qRT-PCR assays were performed as described previously (Schwartz et al., 2011) . Briefly, individual FB-labeled pancreatic neurons were collected with large-bore (ϳ50 m) glass pipettes and expelled into microcentrifuge tubes containing the RT mixture. RT-PCR was performed with 20 U of Superscript II (Invitrogen). RT reactions were incubated at 65°C for 1.5 min and room temperature for 2 min, and then at 37°C for 20 min and 65°C for 10 min after adding 20 U of Superscript II. For each experiment, negative controls consisted of omitting RT or using a cell-free bath aspirate as template. The first-strand cDNA from a pancreatic sensory neuron was used as template in a PCR containing 1ϫ GoTaq reaction buffer (Promega), 20 mM outer primers, 0.2 mM dNTPs, and 0.2 ml of GoTaq DNA polymerase (Promega). Reactions were incubated at 95°C for 10 min and then cycled 35 times at 94°C/30 s, 52°C/30 s, and 72°C/30 s before a final extension step at 72°C for 10 min. Each initial PCR product served as template in a subsequent PCR using a nested primer pair, the products of which were electrophoresed on 2% agarose-ethidium bromide gels and photographed. Only neurons producing detectable amplification of a housekeeping gene (GAPDH) were analyzed further. For qRT-PCR, the first-strand cDNA of cells expressing the target genes was preamplified (26 cycles) using the PCR condition described above. The products were used as template for real-time PCR using ABsolute QPCR SYBR Green ROX mix (ABgene) in an Applied Biosystems 5700 realtime thermal cycler. Threshold cycle (Ct) values were recorded as a measure of initial template concentration and relative fold changes in RNA levels were calculated by the ⌬⌬Ct method using GAPDH as a reference standard. The validity of the ⌬⌬Ct method and the uniformity of the preamplification was tested by comparing PCR efficiencies calculated directly from individual amplification curves within the window of linearity (GAPDH 1.77, TRPV1 1.79, TRPA1 1.83) and preserved ⌬Ct values in samples preamplified to different extents (⌬Ct difference Ϯ 0.08 cycle), respectively.
TRP receptor antagonists. The TRPV1 antagonist A-889425 and/or TRPA1 antagonist A-967079 (50-300 mg/kg; Abbott Laboratories) or vehicle was administered intraperitoneally twice weekly (Tuesday and Friday): 1 h before the first caerulein or vehicle injection and 4 h later (Fig. 1) .
Behavioral testing. To assess pain-related behaviors, vehicle-and caerulein-treated mice were placed in Plexiglas boxes 25 cm square by 40 cm high, and their exploratory behaviors were monitored photoelectrically for 15 min periods every week in the morning hours. Photoelectric beams were spaced 1.5 cm apart, providing 0.75 cm spatial resolution. TruScan software (Coulbourn Instruments) were used to analyze the time spent in different parts of the box, path information, distance traveled, and total movements simultaneously in the X-Y plane. The software also analyzed the amount of time each mouse spent in the "vertical plane" or standing position that required stretch of the abdominal muscles, a position that is assumed to be uncomfortable in the presence of abdominal hypersensitivity. Modulation of exploratory behavior was evaluated after combined TRPV1 and TRPA1 antagonist treatment chronically and, in different mice, also after administration of morphine (2.0 mg/kg, subcutaneous) 30 min before the posttreatment time point.
Data presentation and analysis. Data are presented as mean Ϯ SEM and were analyzed using SigmaStat software (version 3.1; Systat Software). Statistical analyses for differences in changes over time in multiple groups were performed using two-way ANOVA followed by the Holm-Sidak post hoc test. Differences between groups were tested using Student's t test (when comparing two groups) or one-way ANOVA (when comparing more than two groups) followed by post hoc Bonferroni-protected pairwise comparisons. Statistical significance was set at p Յ 0.05.
Results

Pancreatic inflammation
Biweekly administration of caerulein produced evidence of CP, as demonstrated histologically by extensive inflammatory intralobular, perilobular, and interlobular infiltrate, glandular atrophy, and pancreatic fibrosis that was evident beginning at week 3 ( Fig. 2A-D) . These morphological changes were greatest at 6 and 10 weeks of caerulein treatment, as indicated by blinded histological scoring (Table 1) . MPO activity was significantly increased in pancreata starting at week 3 in caerulein-treated mice and remained significantly elevated through week 10 ( Fig. 2E ; F (3,24) ϭ 4.72, p Ͻ 0.05). MPO activity remained elevated at 10 weeks in pancreata from mice injected with caerulein for 6 weeks despite a 4 week period without caerulein challenge (Fig. 2E , filled squares). MPO activity remained elevated in parallel with histological changes, suggesting that irreversible damage resulted from 6 weeks of repeated caerulein treatment (Fig. 2E) . No significant changes in morphology or MPO activity were observed at any time in vehicle-treated mice, which also were not distinguishable from naive mice (data not shown). Consistent with changes in morphology and MPO activity, Figure 3A ,C illustrates significant accumulation of F4/80-positive monocytes starting at week 3 that persisted through 10 weeks (F (4,30) ϭ 4.86, p Ͻ 0.01).
Pancreas fiber density
To examine whether the progression of CP altered innervation of the pancreas, afferent fibers were immunolabeled with a CGRP antibody. In vehicle-treated mice, CGRP immunostaining was sparse within the pancreatic parenchyma (Fig. 3B) . In contrast, CGRP immunostaining density (primarily associated with large-and medium-sized blood vessels) was significantly increased after 3, 6, and 10 weeks of biweekly caerulein treatment (F (3,24) ϭ 4.21, p Ͻ 0.05), suggesting that nerve hypertrophy accompanies the onset and progression of CP, which is consistent with other studies showing an increase in pancreatic innervation in a diseased state (Lindsay et al., 2006) .
Pancreatitis increases neuronal TRP expression
The majority of pancreatic DRG neurons from vehicle-treated mice expressed mRNA for TRPV1 and TRPA1, whereas significantly fewer NG neurons expressed these transcripts (Table 2) . There was no significant increase in the number of pancreatic DRG or NG neurons expressing either TRPV1 or TRPA1 transcripts at any time after caerulein treatment (Table 2) . Real-time quantitative PCR on pancreatic neurons that expressed these channels, however, revealed that on a per-cell basis, caerulein treatment increased the relative content of both TRPV1 and TRPA1 mRNA significantly in pancreatic DRG and NG neurons (relative to vehicle treatment) after 3, 6, and 10 weeks of treatment (Table 3) .
Attenuation of pancreatic changes by TRP antagonists
To determine whether TRPV1 and TRPA1 channel activity contributed to the development of the CP phenotype, selective antagonists of the two TRP channels were used. When treated before week 3 of RAP (and continuing during weeks 4-10), administration of doses of 100 or 300 mg/kg, but not 50 mg/kg, of either the TRPV1 or TRPA1 antagonist significantly and dose dependently attenuated inflammation, as indicated by a decrease in MPO activity assessed at 6 weeks (Fig. 4A) . In vehicle-treated mice, neither morphology (data not shown) nor MPO activity was affected by TRPV1 or TRPA1 antagonist treatments (data shown only for greatest dose; Fig. 4A ). Combined treatment with a 100 mg/kg concentration of both antagonists was more effective in decreasing MPO activity than 100 or 300 mg/kg concentrations of either antagonist given alone, indicating greater than additive effects of these antagonists. In addition, combined antagonist treatment (100 mg/kg each) initiated before week 3 ameliorated morphological changes in the pancreas (Fig. 4B) , reduced nerve hypertrophy (Fig. 3B,D; F (1,12) ϭ 6.01, p Ͻ 0.05), and reduced monocyte infiltration (Fig. 3A,C; F (1,12) ϭ 5.22, p Ͻ 0.01). TRP channel antagonists also decreased the caeruleinproduced increase in TRPV1 and TRPA1 mRNA expression significantly in pancreatic DRG and NG neurons at 6 and 10 weeks (Table 3) . Therefore, TRP antagonist treatment started before week 3 and continuing during the subsequent weeks prevented the development of CP as assessed by inflammation, monocyte infiltration, and pancreatic hyperinnervation despite continuing biweekly caerulein treatment.
In contrast, when treatment was initiated after week 3 (and continuing through week 10), neither single nor combined TRP antagonist treatment influenced the progression of RAP to CP, suggesting that a critical period exists between weeks 2 and 3 during which the transition to CP (and associated pain-related behaviors; see below) can be prevented by reducing or blocking the neurogenic component of RAP. To further examine this apparent critical period, combined TRP antagonists treatment was given only during weeks 2 and 3 and MPO activity was monitored thereafter through week 10. Figure 2 E shows that MPO activity was not increased after either 1 or 2 weeks of biweekly caerulein treatment, but was significantly increased thereafter (weeks 3-10). Combined TRP antagonist treatment during weeks 2-3 reduced MPO activity by 40% when assayed after week 3 and, in the absence of further caerulein treatment, MPO activity returned to control values.
Attenuation of pain behaviors by TRP antagonists
Unlike assessment of hypersensitivity of hollow organs that can be mechanically distended, assessment of pancreatic hypersensitivity is indirect, relying on evaluation of open-field behavior (Schwartz et al., 2011) . Repeated caerulein injections reduce open field activity and vertical rearing (compared with vehicle injections), behaviors consistent with pain and discomfort (Fig. 5) . These behavioral changes were attenuated significantly by coadministration of TRPV1 and TRPA1 antagonists (100 mg/kg each; F (2,18) ϭ 5.22, p Ͻ 0.05) if treatment was started before week 3, but not if started after week 3 (Fig. 5) . Blocking TRPV1 and TRPA1 channels after the critical period did not attenuate nociceptive behavior, which is consistent with the findings presented above (e.g., inflammation, hyperinnervation). To confirm that pain was indeed blocked by TRP antagonism, the opioid analgesic morphine (2.0 mg/kg) was given 30 min before testing at 10 weeks. Morphine restored open-field activity to a level similar to that in mice treated with TRP antagonists. , 6 (C), or 10 (D) weeks after repeated injections of caerulein (caer; n ϭ 6/group) revealed significant inflammatory infiltrate, atrophy, and necrosis. Scale bar, 40 m. E, MPO activity in pancreata of veh-(n ϭ 6/group) and caer (n ϭ 8/group)-treated mice. MPO activity (units per milligram of tissue) increased significantly starting at week 3 of biweekly caer injections and remained elevated throughout the 10 weeks of caer treatment; 10 weeks of veh injections did not increase MPO activity. Combined TRP antagonists (100 mg/kg each of the V1 and A1 antagonist; V1/A1; n ϭ 6/treatment group) treatment initiated before week 3 (Ͻ3wk) decreased MPO activity by 40% at wk 3 and MPO activity returned to control values. Combined TRP antagonists treatment initiated after week 3 (V1/A1 Ͼ 3wk) did not prevent the caerproduced increase in MPO activity. These values were significantly different from vehicletreated mice. In pancreata from a group of mice injected with caer for 6 weeks, MPO activity remained significantly elevated at 10 weeks (n ϭ 6) despite a 4 week period without caer challenge. *p Ͻ 0.05 for caer vs veh; † p Ͻ 0.05 for caer vs caer ϩ V1/A1 Ͻ3 wk or Ͼ3 wk, two-way ANOVA with Bonferroni post hoc test.
Inflammation increases [Ca 2؉ ] i and evoked transients in pancreatic afferents
Cytoplasmic calcium critically regulates many cellular functions, including neurotransmitter release, signaling cascades, and membrane channel function (Berridge et al., 2000) . [Ca 2ϩ ] i was increased significantly during the progression of CP (Table 4) . Further, depolarization-evoked Ca 2ϩ transients produced by application of 50 mM KCl (high K ϩ ) were significantly greater in peak response and decayed more slowly (i.e., time to 50% of the peak) in pancreatic DRG neurons from caerulein-treated mice relative to vehicle-treated mice, suggesting that persistent pancreatitis influences the regulation of sensory neuron [Ca 2ϩ ] I , as has also been reported for other inflammatory pain models (Lu et al., 2008 (Lu et al., , 2010 .
When combined TRP antagonist treatment was initiated before week 3 n caerulein-treated mice, neither resting nor high-K ϩ -evoked Ca 2ϩ transients in pancreatic DRG neurons differed from their vehicle-treated counterparts (Table 4) . In contrast, when combined TRP antagonist treatment was initiated after week 3 in caerulein-treated mice, pancreatic DRG neurons (harvested at week 6) exhibited both significantly elevated resting [Ca 2ϩ ] i and amplitude of high-K ϩ -evoked Ca 2ϩ transients relative to vehicle-treated mice, revealing that combined TRP antagonist treatment was unable to reverse these consequences of careulein-induced pancreatitis.
Consistent with the increase in TRPV1 mRNA caused by caerulein treatment, the percentage of DRG neurons that responded to CAP (500 mM) was significantly increased after caerulein treatment (Table 5) , whereas the percentage of DRG neurons that responded to MO (100 M) was not increased, possibly due to a ceiling effect produced by the concentration of MO tested. Unexpectedly. combined administration of TRP antagonists decreased the percentage of pancreatic DRG neurons from careulein-treated mice that responded to CAP, regardless of when administered, relative to vehicle treatment. We also attempted to assess changes in pancreatic vagal afferent neuron somata, but failed to obtain reproducible results. In most instances, a high K ϩ challenge before application of a TRP agonist resulted in unstable basal [Ca 2ϩ ] i fluctuation and often cell death; low K ϩ challenge produced weak, unreliable responses. We attribute this to the greater excitability of pancreatic vagal afferents (multiple action potential discharge) upon depolarization compared with their DRG counterparts (single action potential discharge; Schwartz et al., 2011) .
Pancreatitis increases ERK activation in DRG and NG
Phospho-ERK (pERK) was increased significantly in pancreatic DRG neurons at week 3 of RAP in association with the overt caerulein-induced anatomical and inflammatory changes reported above. Interestingly, NG neurons exhibited an increase in the number of pERK-immunoreactive neuron profiles as early as 1 week after initiating caerulein treatment, which increased through week 10 (Fig. 6 ). Combined administration of TRP antagonists (100 mg/kg each) attenuated the caerulein-produced increase in pERK-immunoreactive neurons significantly when administration was initiated before week 3 of RAP, but not when started after week 3, further supporting the critical period of transition to CP in this model. These data illustrate an increase in pancreatic afferent neuronal excitability over the progression of CP that can be prevented by inhibiting TRPV1 and TRPA1 channels before the transition to CP.
Discussion
The present study reveals a pivotal role of TRPV1-and TRPA1-expressing pancreatic afferents in the transition from RAP to chronic pancreatic inflammation and pain-related behaviors in a caerulein-induced model of experimental pancreatitis in the mouse. Pancreatic inflammation (MPO and monocyte infiltration), pancreatic fibrosis, neuronal sprouting, and TRPA1 and TRPV1 gene expression were all reduced or blocked significantly by TRPV1 and TRPA1 channel antagonists, particularly when given in combination. In addition, we observed changes in painrelated behaviors and functional changes in the kinetics of depolarization-evoked Ca 2ϩ transients in DRG pancreatic afferents, consistent with what has been reported in other inflammatory models (Lu et al., 2008 (Lu et al., , 2010 . Nociceptive behavior and afferent excitability also were reduced significantly or prevented by TRPV1 and TRPA1 antagonists. Ongoing pain in CP is thought to be maintained by activity in sensitized pancreatic afferents (Zhu and Roper, 2001; Xu et al., 2007) . Previous reports suggest that activation of ERK1/2 (via phosphorylation) in DRG neurons contributes to hypersensitivity by increasing gene transcription and/or by posttranslational modification of target proteins (Aley et al., 2001; Averill et al., 2001; Obata et al., 2003; Dai et al., 2004) . pERK expression in pancreatic DRG and NG neurons was correspondingly upregulated in the critical period during which initiation of TRP antagonists treatment was effective. These antagonists were only effective in blocking changes when treatment was initiated before week 3 of RAP. These results indicate that, when unaided, the pancreas can recover from repeated injury for a limited time (2 weeks or 4 episodes of AP in this model), and that additional protection can be afforded if the progression of inflammation is blocked by TRPV1 and TRPA1 antagonists.
Previously (Schwartz et al., 2011) , we induced AP with 8 hourly injections of caerulein and noted acute changes in pancreatic morphology that resolved relatively quickly; marked edema and inflammation (determined by MPO) was apparent at 24 h, but decreased by half at day 3 and fully recovered by day 7. Interestingly, even a single episode of AP produced an increase in pancreatic afferent TRPV1 and TRPA1 expression and function that lasted up to 3 d (Schwartz et al., 2011) . The present results reveal that biweekly caerulein administration over weeks induces CP in an environment of heightened afferent sensitivity (after the first caerulein treatment) that fosters escalating neurogenic inflammation, amplifying the damage done by each subsequent episode of RAP.
TRP antagonists are presumed to target pancreatic afferents that produce neurogenic inflammation in response to pancreatic insult (Liddle, 2007; Lieb and Forsmark, 2009 ). RAP damages acinar cells that release protons, bradykinin, hydrogen sulfide, serotonin, and Ca 2ϩ that can sensitize pancreatic afferents (Detlefsen et al., 2008; Lieb and Forsmark, 2009 ). These inflammatory mediators can directly or indirectly upregulate TRPV1 and TRPA1 channels that are expressed in the majority of pancreatic afferents. Therefore, RAP may generate a priming, feedforward pancreatic environment in which sensitization of pancreatic afferents leads to the upregulation of genes that further increase afferent sensitivity, driving additional neurogenic inflammation. This may explain the existence of a critical period during which the TRP antagonists were effective; indeed, the sustained increase in TRP channel expression in afferents started at 3 weeks in this model. Once these channels are upregulated, it may be difficult to limit neurogenic inflammation and prevent permanent damage to the pancreas.
The present study used calcium imaging to study functional changes in the kinetics of depolarization-evoked Ca 2ϩ transients in DRG pancreatic afferents and to assess TRPV1 and TRPA1 receptor function during the progression of CP. Our results showed a significant increase in all tested parameters (resting [Ca 2ϩ ] i levels, peak response, and decay time) at both 3 and 6 weeks after caerulein treatment, with a significant decrease in the group treated for 3 weeks with caerulein plus TRPV1 and TRPA1 compared with the group given caerulein for 6 weeks. However, treatment for 3 weeks with caerulein plus TRPV1 and TRPA1 resulted in an increase in peak response and no significant change in decay time to high K ϩ relative to vehicle treatment; furthermore, the resting [Ca 2ϩ ] i level was significantly different from vehicle and similar to 6 weeks of caerulein treatment. These results prompt a series of interesting questions as to what Ca 2ϩ regulation mechanisms were affected by TRP antagonist treatment and how. In terms of the kinetics of the evoked calcium transient, the peak and the decay are mediated by different mechanisms. The peak response is a combination of influx through voltage-gated calcium channels and input via calcium-induced calcium release from internal stores. The decay kinetics are initially buffered through mitochondria and reuptake into the internal store by sarcoplasmic/endoplasmic reticulum Ca 2ϩ -ATPases (fast decay phase) and then further extruded out of the cell via Na ϩ -Ca 2ϩ exchangers and plasma membrane Ca 2ϩ -ATPases (slow decay phase). Calcium regulation is highly controlled and fairly well separated. An increase in the magnitude of response is not reflected directly in the time of decay. Using pharmacology, one can manipulate the peak and decay kinetics independently (Scheff et al., 2011) . Seeing an inflammation-induced change in both the peak and the decay at both 3 and 6 weeks after caerulein treatment is indicative of at least two different changes that have occurred in Ca 2ϩ dysregulation: (1) an increase in influx/CICR mechanisms and (2) a change in reuptake/extru- Figure 5 . TRP antagonists reverse pain behavior in CP. Open-field activity monitoring revealed that the time (in seconds) spent moving in the horizontal plane (A), the total distance (in centimeters) traveled (B), and the number (n) of rearing events in the vertical plane (C) were significantly reduced in vehicle (veh)-versus caerulein (caer)-treated mice. Administration of TRP antagonists (100 mg/kg both TRPV1 and TRPA1) before week 3 [caer ϩV1/A1 (Ͻ3 wk)] of caer biweekly treatment and continuing through week 10 reversed caer-produced pain behaviors, whereas the same treatment started after 3 weeks [caer ϩV1/A1 (Ͼ 3wk)] did not reverse caer-produced behaviors. Morphine (2.0 mg/kg s.c.) given 30 min before testing significantly attenuated pain-related behavioral parameters in caer-treated mice. All data were analyzed by two-way ANOVA with a HolmSidak post hoc test and in all cases F Ͼ 11.3. *p Ͻ 0.05 caer vs veh; † p Ͻ 0.05 caer vs caer ϩ V1/A1 Ͻ3 wk or Ͼ3 wk. n ϭ 6/treatment group. Three weeks of RAP also produced a significant increase in the number of pancreatic afferents that expressed pERK, the activated form of kinases regulating gene transcription that contributes to afferent hypersensitivity. CP and pain-related behaviors in this model may have been associated with ERK modulation of TRPV1 and TRPA1 channel activity/function. In support of this possibility, ERK activation was shown to be required for capsaicin-induced facilitation of heat-induced currents in dissociated DRG neurons (Firner et al., 2006) and to mediate NGF-and capsaicin-induced heat hyperalgesia in behavioral studies (Zhuang et al., 2004 (Zhuang et al., , 2005 . Further, ERK activation mediates the upregulation of TRPV1 expression induced by NGF (Bron et al., 2003; Zhu and Oxford, 2011) , supporting a key role for NGF in pancreatic pain and highlighting its modulation of TRPV1 expression and activity (Zhu and Oxford, 2011) . In preliminary experiments (unpublished), blockade of ERK1/2 signaling by the MAPK1/2 inhibitor U0126 has been found to reduce inflammation and pain behaviors in CP.
Activated ERK may also contribute to CP and pain behavior via non-TRP-channel-related modification of pancreatic afferents. For example, in DRG neurons, ERK activation has been shown to be responsible for the upregulation of BDNF and NPY in models of peripheral inflammation and neuropathic pain. Inhibition of ERK phosphorylation downregulates BDNF and NPY and is correlated with a reduction in hypersensitivity . Furthermore, ERK phosphorylation has also been shown to regulate morphine-induced upregulation of neuropeptides SP and CGRP (Ma and Bisby, 2000; Ma et al., 2001) .
In summary, we document here that RAP leads to irreversible morphological changes in pancreatic tissue and robust pain-related behaviors, both of which parallel documented clinical changes seen in CP patients (Liddle and Nathan, 2004; Liddle, 2007) . These changes can be blocked in this model within a critical period that occurs after the fourth, but before the seventh experimentally induced episode of AP (i.e., during week 3 of biweekly caerulein treatments). The transition from AP to CP and pain-related behaviors is accompanied by changes in pancreatic afferents, including increased expression of TRPV1, TRPA1, and pERK, all of which have been shown previously to increase afferent sensitivity. The increased expression of these molecules as part of the mechanism responsible for the transition to CP in this model is supported by the efficacy of TRPV1 and TRPA1 antagonists in preventing histological, immunological, and behavioral changes. Accordingly, in patients with RAP, early and aggressive treatment targeting afferent excitability may inhibit progression to CP. Immunofluorescence images of FB-labeled T11 and NG neurons from veh-treated mice exhibit no/rare expression of pERK, whereas the number of pERK/FB-IR neuron profiles was significantly increased after caer treatment. TRP antagonist treatment started before week 3, but not after week 3, reduced the number of pERK/FB-IR neuron profiles significantly, which is quantified in C for DRG and in D for NG. All data were analyzed by two-way ANOVA with a Holm-Sidak post hoc test (n ϭ 6/treatment group). *p Ͻ 0.05 for caer vs veh; † p Ͻ 0.05 for caer vs caer ϩ V1/A1 Ͻ3 wk or Ͼ3 wk. Scale bar, 50 m.
